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Open access under the ElNon-biodegradable plastic aggregates made of polyethylene terephthalate (PET) waste from beverage
containers are used as partial replacement of aggregates in mortar. Various weight fractions of sand
5%, 10%, 15% and 20% are replaced by the same weight of plastic. This paper investigates the fracture
properties of the obtained composites. A reduction of the speciﬁc weight of the polymer mortars and a
signiﬁcant improvement of their post-peak ﬂexural behavior are observed. The present study has shown
quite encouraging results and opened new way for the recycling of PET waste in polymer mortars.
 2010 Elsevier Ltd. Open access under the Elsevier OA license. 1. Introduction
From the beginning of synthetic polymers industrial production
in the early 1940s, the manufacturing, consumption and waste
generation has increased considerably. Polyethylene terephthalate
(PET) bottles have experienced rapid growth since the 1970s when
the technique of blow molding was introduced [1]. In 2007, the
worldwide consumption of bottle grade PET was 15 million metric
tonnes [2] representing 8% of the total demand of standard plastics.
PET bottles are characterized by high strength, low weight, and low
permeability of gases (mainly CO2) as well as by their aesthetic
appearance (good light transmittance, smooth surface).
PET does not create a direct hazard to the environment, but due
to its substantial fraction by volume in the waste stream and its
high resistance to the atmospheric and biological agents, it is seen
as a noxious material. Ecological as well as economic consider-
ations advocate the introduction of wide-scale PET recycling, sim-
ilar to the recycling of traditional materials such as glass, paper, or
metals.
There is many ways to recycle waste polymers including PET. A
very attractive form of recycling of used polymer materials is the
so-called, ‘‘materials recycling’’, which consists of the collection,
disintegration, and granulation of waste polymer and then their
recirculation into production [3,4]. Another way is the chemicalied Mechanics Laboratory –
am – PGMEC, Universidade
iteroi, RJ, Brazil. Tel.: +55 21
sevier OA license. recycling, which produces unsaturated polyester resin based on
the concept of depolymerizing the condensation polymer through
solvolytic chain cleavage into low molecular-weight products,
which can be puriﬁed and reused as raw materials [5].
For the last decades researchers have focused their studies in
use plastic waste as an alternative to natural resources as raw
materials. Pet waste was used as polyurethanes, coating materials,
unsaturated polyester resin as binder [6–8] and ﬁber reinforce-
ment [9–12]. The chemical recycling of waste PET can be carried
out in many ways, such as glycolysis, hydrolysis, alkalosis, and
simultaneous hydrolysis and glycolysis.
The aim of this work is to investigate the fracture properties,
including elasticity modulus of recycled-PET polymer mortar with
shredded PET waste from beverage containers by mixing of frag-
ments in polymer mortar to be used as lightweight waste aggre-
gate as a function of the ratio of natural and recycled aggregate.
Besides using PET waste as substitute of natural aggregate, unsat-
urated polyester resin from recycled PET was also used as binder
and compared to epoxy resin.
2. Materials and methods
2.1. Materials and preparations
Mortars were prepared by mixing foundry sand with epoxy and
unsaturated polyester resins. Resin content was 12% by weight and
no ﬁller was added in both formulations. Previous studies carried
out by the authors [13] considering an extensive experimental pro-
gram, allowed an optimization of mortars that are now being used
in the present work.
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bisphenol A and an aliphatic amine hardener. This system has
low viscosity, and is processed with a maximum mix ratio to the
hardener of 5:1. The polyester resin used in this investigation
was an unsaturated polyester manufactured by recycled PET. Pro-
ducing the unsaturated polyester resin was not focused in this re-
search. It was used as a commercial product by Reichhold. The
resin system is pre-accelerated by the manufacturer and the initi-
ator used was methyl ethyl ketone peroxide (2 phr). Epoxy and
unsaturated polyester properties provided by the manufacturers
are presented in Table 1.
The aggregate was foundry sand with a homogeneous grain
size, with uniform grains and a mean diameter of 300 lm, with ﬁ-
nesses modulus between 3 and 5. The aggregate content was 88%.
The speciﬁc gravity of the foundry sand was 2.63 g/cm3. The foun-
dry sand was previously dried, completely, before added to the
polymeric resins to reduce moisture content, insuring a good bond
between polymer and inorganic aggregate.
The shredded waste PET bottle granules used as aggregate were
obtained by picking up waste PET bottles and washing, then crush-
ing in granules by a shred machine. The machine shredder deter-
mines PET aggregate size. Polyethylene terephthalate (PET) is a
thermoplastic polyester with tensile and ﬂexural elasticity modu-
lus of about 2.9 and 2.4 GPa, respectively, tensile strength up to
60 MPa and excellent chemical resistance. It is a semi-crystalline
polymer, with a melting point of about 260 C and a glass transi-
tion temperature ranging from 70 to 80 C, in relation to the
amount of crystalline region enclosed in the amorphous phase.
Its density (speciﬁc gravity) is around 1.3–1.4 g/cm3 [14]. The gran-
ulometry of the ﬁne aggregates to be used was determined accord-
ing to ASTM D422–63 [15] and reported in Table 2.
The shredded PET was used as partial replacement of natural
aggregate. The ratio used in these mixtures was 5%, 10%, 15% and
20%, in weight, substituting aggregates in the mixture. PME means
epoxy polymer mortar and unsaturated polyester polymer mortar
specimens are represented by PMP. The index number represents
the shredded PET waste percentage, in weight, as sand replace-
ment. Polymer mortar fracture specimens were compacted in a
steel mould of dimensions of 30  60  250 mm3. The specimens
were initially cured at room temperature and then post-cured for
3 h at 60 C. The samples were notched using a 2 mm diamond
saw to a 20 mm depth (see Fig. 1).Table 1
Epoxy and unsaturated polyester properties.
Property Epoxy Polyester
Viscosity at 250 Cl (cP) 12000–13000 250–350
Density q (g/cm3) 1.16 1.09
Heat distortion temperature HDT (C) 100 85
Elasticity modulus E (GPa) 5.0 3.3
Flexural strength (MPa) 60 45
Tensile strength (MPa) 73 40
Maximum elongation (%) 4 1
Table 2
Characterization of aggregates.
Sieve Cumulative passing%
Foundry sand PET waste
4.76 mm – 100
2.38 mm – 45.9
1.19 mm 100 16.3
590 lm 84.8 6.9
297 lm 6.7 0.8
150 lm 0.5 –The polymer mortars (PM) were manufactured following the
speciﬁcations of RILEM TC113/PC-2 [16].
After polymer mortars were fully cured, the fresh densities were
identiﬁed using the weight and the volume of all mixtures. The dry
density was calculated according to RILEM 49TFR [17] based on the
dry mass and the total volume.
2.2. Test method
To determine the fracture properties, three-point bending tests
were conducted using a universal testing machine with a cross-
head speed of 0.5 mm/min. For each kind of PM formulation ﬁve
specimens each were produced. According to [18] span/depth ratio
was 4 and notch/depth ratio was 1/3. The crack mouth opening dis-
placement (CMOD) was measured using a COD gauge clipped at
the bottom of the beam and held in position by two 1.5 mm steel
knife edges glued to the specimen, as shown in Fracture toughness,
KIc, Fracture energy, Gf, and Elasticity modulus, E, are determined
according to [18,19].
To identify the fracture toughness of PM, the Two Parameter
Method (TPM) [18] was used. This method is a direct method to
calculate critical stress intensity factor, KIc, which is a measure-
ment of a material’s resistance to crack extension when the stress
state near the crack tip is predominantly plane strain, limiting the
plastic deformation, and the opening mode monotonic load is ap-
plied and can be expressed as, in (MPa
ﬃﬃﬃﬃﬃ
m
p
).
K Ic ¼ 3PmaxS
2W2B
ﬃﬃﬃﬃﬃﬃ
pa
p
FðaÞ ð1Þ
in which a is the effective critical crack length
FðaÞ ¼ 1ﬃﬃﬃ
p
p 1:99 að1 aÞð2:15 3:95aþ 2:7a
2Þ
ð1þ 2aÞð1 aÞ3=2
ð2Þ
where a is a/W, Pmax is the measured maximum load [N], S,W and B
are the span, depth and width, respectively. The results correspond
to the mean values of at least ﬁve tests.
The elasticity modulus (E) is calculated from the measured ini-
tial compliance Ci using equation
E ¼ 6Sa0V1ðaÞðCiW2BÞ
ð3Þ
in which S is the specimen loading span, a0 is the initial notch
depth, H0 is the thickness of the clip gauge holder, and W and B
are the beam depth and width, respectively.
V1ðaÞ ¼ 0:76 2:28aþ 3:78a2  2:04a3 þ 0:66ð1 aÞ2
ð4Þ
and
a ¼ ða0 þ H0Þ
W þ H0 ð5Þ
Based on ﬁnite element analysis, the contribution of the clip gauge
holder thickness (H0) is included in the function V1 [18].
According to the RILEM Technical Committee [19], the fracture
energy, Gf, in single edge notched beams when three-point bending
tests are performed on the specimens can be calculated as
Gf ¼W0 mgd0Alig ð6Þ
where W0 is the area under the load vs. deﬂection curve (N/m), mg
is the self-weight of the specimen between supports (kg), d0 is
the maximum displacement (m), and Alig is the fracture area
[d(b  a)] (m2); b and d are the height and width of the beam,
respectively. The results correspond to the mean values of ﬁve tests.
By increasing the strength of the inerts, matrix and matrix-inert
interface, the material strength increases, resulting in higher frac-
ture energy values [20].
Table 3
Dry density of all tested polymer mortars formulations.
Dry density (kg/m3) PET content (%)
0 5 10 15 20
PME 1810 1718 1651 1537 1450
PMP 1818 1687 1627 1536 1378
Table 4
Fracture test results of epoxy and unsaturated polyester polymer mortar made with
shredded PET waste in replacement of foundry sand (Avg. ± St.Dev.).
Specimens KIc (MPa
ﬃﬃﬃﬃﬃ
m
p
) Gf (N/m) E (GPa)
PME 1.98 ± 0.04 367.91 ± 30.23 9.81 ± 0.59
PME5 1.62 ± 0.06 648.41 ± 34.30 8.36 ± 0.22
PME10 1.54 ± 0.08 838.41 ± 61.32 5.72 ± 0.23
PME15 1.43 ± 0.11 928.27 ± 42.19 2.67 ± 0.21
PME20 1.22 ± 0.27 1091.31 ± 97.37 2.34 ± 0.04
PMP 1.17 ± 0.22 153.37 ± 11.94 8.81 ± 0.23
PMP5 1.15 ± 0.27 208.45 ± 18.31 6.78 ± 0.32
PMP10 1.04 ± 0.21 345.19 ± 19.02 5.37 ± 0.43
PMP15 0.92 ± 0.17 435.98 ± 16.54 4.20 ± 0.50
PMP20 0.91 ± 0.11 544.83 ± 45.42 2.54 ± 0.05
Fig. 1. Fracture test set-up.
Fig. 2. Typical load vs. CMOD curves for epox
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The dry densities of different mixtures of polymer mortars are
presented in Table 3.
According to Table 3 higher the shredded PET concentration in
the polymer mortar mixture, lower the dry density. Values of dry
density for mixture containing 0% of shredded PET in epoxy poly-
mer mortar, PME, decreases from 1810 kg/m3 to 1450 kg/m3 in
mixtures containing 20% in weight of shredded PET, a 19.8% reduc-
tion. A higher diminish, 24.2%, is observed analyzing unsaturated
polyester polymer mortar, PMP. The results range from 1818 kg/
m3 to 1378 kg/m3 increasing shredded PET was up to 20% in
weight.
The fracture toughness and energy, as well as elasticity modu-
lus of all the mixes containing the shredded PET waste in replace-
ment of foundry sand are given in Table 4.
The results show that there is a decrease in the fracture tough-
ness for both epoxy and unsaturated polyester polymer mortar as
the PET aggregate content increases. Epoxy polymer mortars frac-
ture toughness, KIc, decrease from 1.98 MPa
ﬃﬃﬃﬃﬃ
m
p
for mixture con-
taining 0% of shredded PET aggregates to 1.22 MPa
ﬃﬃﬃﬃﬃ
m
p
for
mixtures containing 20% of shredded PET in weight. For unsatu-
rated polyester polymer mortars a diminish of 22% in the fracture
toughness is reported when shredded PET is added to the mixture
in substitution of foundry sand by 20% in weight. The drop in the
fracture toughness due to the addition of shredded PET can be
attributed mainly to the poor bond between the matrix and plastic
aggregate. Indeed, the negative effect in the interfacial bonding is
reported in ordinary concrete by Hannawi et al. [12] and Frigione
[10]. Also, Comby et al. reported that behavior using numerical
simulations [21].
Analyzing the fracture energy, Gf, an increase in the energy to
create a crack along the crack path as shredded PET aggregate con-
tent increases is observed. Plain epoxy polymer mortar increase
from 367.91 to 1091.31 N/m, an increase of 297% is reported for
20% content of shredded PET epoxy polymer mortar. A higher in-
crease is observed for unsaturated polyester polymer mortar. An
elevation in the fracture energy of unsaturated polyester polymer
mortar of 355% is reported when the percentage of shredded PET
is raised from 0% to 20% in the admixture.
Adding shredded PET in the mixture of both epoxy and unsatu-
rated polyester polymer mortars decrease the elasticity modulus. Ay polymer mortars with PET aggregates.
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lus are measured for 20% shredded PET epoxy and unsaturated
polymer mortar, respectively. This decrease is probably related
due to low elasticity modulus of shredded PET [14].
Comparing polymer binders, epoxy PM is tougher than unsatu-
rated polyester PM for all formulations. Even adding 20% of shred-
ded PET in epoxy polymer mortar the fracture toughness is slightly
higher than unsaturated polyester PM with no shredded PET. The
fracture energy of epoxy polymer mortars are much higher than
unsaturated polyester ones, in some formulations these values
are more than 100%.
Fig. 2 displays the variations in the load vs. CMOD curves of the
different mixtures of epoxy polymer mortar as function of the per-
centage of foundry sand (in weight) replaced by the same weight of
shredded PET.Fig. 3. Typical load vs. mid-span displacement of
Fig. 4. Typical load vs. CMOD curves for unsaturatedIt can be seen that the ultimate ﬂexural load of epoxy polymer
mortars decreases as shredded PET content increases. Also, a less
brittle behavior is also observed as shredded PET is added to the
mixture by measuring higher values of crack mouth opening dis-
placement (CMOD).
Typical load vs. mid-span displacement curves of epoxy poly-
mer mortars are presented in Fig. 3 for different percentages of
shredded PET as replacement of foundry sand.
This shows that for higher percentages of shredded PET in
epoxy polymer mortar mixtures more energy is needed for
crack growth. PET, itself, has a non-brittle characteristic under
loading, and therefore, the substitution of foundry sand by
shredded PET in the mixture delays the fracture phase since the
crack has to undertake the plastic particles to be propagated in
the matrix.epoxy polymer mortars with PET aggregates.
polyester polymer mortars with PET aggregates.
Fig. 5. Typical load vs. mid-span displacement of unsaturated polyester polymer mortars with PET aggregates.
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unsaturated polyester mortars tested formulations.
Again, a diminish in the ultimate ﬂexural load is observed as
shredded PET percentages increases for unsaturated polyester
polymer mortars, but lower variation is reported when ultimate
ﬂexural loads of epoxy polymer mortars are compared to unsatu-
rated polyester ones. These results clearly show an improvement
in the ductility when the percentage of shredded PET increases.
This behavior is due to plastic aggregate ability to enlarge crack
propagation interval.
Fig. 5 presents the typical load vs. mid-span displacement
curves of unsaturated polyester polymer mortars for different
shredded PET content.
Similar characteristics are reported for unsaturated polyester
polymer mortars when compared to epoxy matrix ones. A consid-
erable ductility improvement is observed when shredded PET
aggregates content increases. Increasing from 0% to 5% of shredded
PET content only a diminish in the ultimate load is computed, but
as PET aggregates increases less brittle become the unsaturated
polyester polymer mortar, exhibiting a higher energy absorption
capacity.4. Conclusions
This research work presents that substituting foundry aggregate
by waste shredded PET, without any particular treatment, except
the washing and shredding is possible to produce a composite
material that brings economical and energy saving beneﬁts from
an ecological point of view.
The addition of shredded PET waste contributes to reduce the
speciﬁc weight of the polymer mortar for both epoxy and unsatu-
rated polymer mortars.
Shredded PET alters the fracture mechanics. As content rises
throughout each test series, material becomes more ductile and
shows less brittle failure.
Fracture toughness and elasticity modulus, in both epoxy and
unsaturated polyester polymer mortars, are adversely affected by
the introduction of any level of shredded PET considered in the
present work. For certain applications such as pavements, this
reduction can be very attractive.
In terms of civil engineering design, this improvement in the
fracture energy for both epoxy and unsaturated polyester polymermortars when shredded PET aggregates are added to the mixture in
substitution of foundry sand produces a composite material with
high energy absorbing which is very important for structures un-
der dynamic and impact conditions.
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